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I 
INTRODUCTION 

In coal conversion p r o c e s s e s ,  such as combustion or high-temperature gas i f ica-  
t i o n ,  t h e  e x t e n t  of  p y r o l y s i s  i s  a n  impor tan t  parameter which is a f f e c t e d  by tem- 
pera ture .  Increas ing  amounts of  c o a l  conver ted  d i r e c t l y  t o  gaseous s p e c i e s  would 
reduce t h e  remaining m a t e r i a l  which  must b e  conver ted  by the r e l a t i v e l y  slow char- 
gas  r e a c t i o n s .  S tudies  on t h i s  a s p e c t ,  p a r t i c u l a r l y  a t  p r e s s u r e  and h igh  tempera- 
t u r e s ,  are scarce .  

ASTM s tandard  methods o b t a i n  t h e  amount of c o a l  converted t o  v o l a t i l e  mat ter  
a t  low temperatures,  slow h e a t i n g  rates and long exposure t i m e s .  Other  procedures 
have genera l ly  used e i t h e r  d i r e c t  e l e c t r i c - r e s i s t a n c e  h e a t i n g  (1, 2) o r  a laminar- 
flow furnace (3 ,  4 ,  5, 6 )  t o  o b t a i n  h igh  h e a t i n g  rates and h igh  temperatures.  

Menster e t  a l .  (1) and Kobayashi e t  a t .  (6 )  have i n d i c a t e d  t h a t  t h e  maximum 
temperature a f f e c t s  t h e  e x t e n t  o f  p y r o l y s i s ,  w i t h  an apparent  p l a t e a u  or a peak i n  
t h e  weight loss  curve a t  900-llOO°C, followed by  an i n c r e a s e  i n  t h e  e x t e n t  of 
p y r o l y s i s .  Scaroni ,  e t  a l .  ( 7 )  s u g g e s t  t h a t  there is  no d i r e c t  h e a t i n g  r a t e  e f f e c t  
on  the L.- o-nt of  p y r o l y s i s ,  b u t  r a t h e r  t h e  preponderance of secondary char-forming 
r e a c t i o n s  o f  t h e  p r i m a r y v o l a t i l e s  may y i e l d  an apparent  h e a t i n g  r a t e  e f f e c t  a s  w e l l  
as a sample-weight e f f e c t .  There is  evidence  t h a t  t h e  char  formed by r a p i d  hea t ing  
at  h igh  temperature: i s  very  r e a c t i v e  ( 3 ,  8) .  
temperatures > 1000 C has  been  a t  1 a t m  p r e s s u r e .  

the examination of p y r o l y s i s  a t  h i g h  temperatures (800-16OO0C), p r e s s u r e s  (1-15 atm) 
and in var ious  r e a c t i n g  and n o n r e a c t i n g  gases .  

The previous  work on p y r o l y s i s  a t  

To h e l p  f i l l  i n  the d a t a  gaps ,  t h e  p r e s e n t  work h a s  t h e r e f o r e  been focused on 

EXPERIMENTAL 

A new des ign  o f  a HPHT (h igh  p r e s s u r e ,  h igh  temperature) TGA was u t i l i z e d  i n  
th i s  research .  The d e t a i l s  o f  t h e  des ign  and i ts  performance have been d iscussed  
elsewhere (9) .  
chambers. The chambers are des igned  f o r  1200 p s i ,  al though suppor t ing  i n l e t  l i n e s  
l i m i t e d  t h e  o p e r a t i n g  p r e s s u r e  t o  450 p s i .  The small Grayloc f l a n g e  w a s  used as a 
p o r t  t o  in t roduce  samples i n t o  t h e  TGA. By r a i s i n g  t h e  t o p  chamber, a t t a c h i n g  the  
sample, then lowering t h e  chamber and s e c u r i n g  t h e  f l a n g e ,  a cumbersome, l e a k y  por t  
is  avoided. A rugged e l e c t r o b a l a n c e  w i t h  a continuous weighing system, d r i v e n  by an 
e l e c t r i c  motor, i s  employed t o  lower  t h e  samples i n t o  t h e  h o t  zone f o r  weight-loss 
d a t a .  The h e a t i n g  system is a y t t r i u m - s t a b i l i z e d  ceramic "Kanthal" h e a t i n g  element. 
These elements a r e  capable o f  1 8 O O 0 C  s u r f a c e  tempera ture ,  and work b e s t  i n  oxid iz ing  
gases .  Temperatures were monitored throughout by Pt-Rh/Pt thermocouples. Steam can 
b e  introduced v i a  a s e p a r a t e  s t a i n l e s s  s t e e l  flow system from gas l i n e s ,  and conden- 
s a t i o n  was  avoided by main ta in ing  t h e  e n t i r e  lower chamber a t  e l e v a t e d  temperatures .  

This design has c a p a b i l i t y  f o r  q u i c k l y  b r i n g i n g  t h e  sample from a c o l d  zone 
i n t o  t h e  h o t  zone i n  less than  5 seconds ,  t a k i n g  subsequent weight-loss d a t a ,  and 
then removing t h e  sample a s  q u i c k l y .  The tempera tures  a t  var ious  p o i n t s  i n  t h e  
system were c a l i b r a t e d  a t  each r e a c t o r  temperature and pressure .  The temperature 
p r o f i l e  i s  such t h a t  t h e  h e a t i n g  of the  sample i n  t h e  pyrolyzing-temperature reg ion  
was achieved a t  a rate of 500-1500°K/sec depending on t h e  r e a c t i o n  zone temperature .  
There is provis ion f o r  s e v e r a l  p o r t s  f o r  gas i n p u t .  

The system is  d e p i c t e d  i n  F igure  1, which mainly c o n s i s t s  of two 

P y r o l y s i s ,  e x t e r n a l  gas- 
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d i f f u s i o n  l i m i t a t i o n s ,  and char  k i n e t i c  r e a c t i v i t y  were analyzed from t h e  weight- 
l o s s  d a t a  by both varying t i m e  i n  t h e  r e a c t i o n  zone and gas  flow r a t e .  

The coa ls  s tud ied  inc luded  l i g n i t e  (PSOC-246), bituminous (PSOC-309) and 
subbituminous (PSOC-240) samples. Samples of 50-100 mg were weighed, loaded and 
lowered i n  the sample  ho lder  i n t o  t h e  hea ted  chamber as descr ibed .  
platinum-mesh folded screen  (52 mesh) a s  t h e  sample holder .  For some s t u d i e s  on 
p a r t i c l e  s i z e ,  t h e  sample  h o l d e r  was a disked plat inum f o i l .  
on pyro lys i s  and g a s i f i c a t i o n  us ing  t h e  two d i f f e r e n t  sample h o l d e r s  matched very 
w e l l ,  i n d i c a t i n g  no e f f e c t  o f  sample h o l d e r  geometry. 

The coa l  p a r t i c l e  s i z e s  used were 35-48,,48-60, 60-80, and 80-100 mesh 

Most runs  used a 

The r e s u l t s  ob ta ined  

(2 
g&, carbon dioxide,  nitrogen-steam. 
gas  fol lowing pyro lys i s  were run a t  800-16OO0C, 1-15 atm. 

RESULTS AND DISCUSSION 

= 358, 273, 213 and 163 pm, r e s p e c t i v e l y ) .  The gaseous environments were n i t r o -  
P y r o l y s i s  and subsequent  i n - s i t u  r e a c t i o n  w i t h  

Typical  weight-loss d a t a  obta ined  at  1200°C i n  both  n i t r o g e n  and n i t rogen-  
steam f o r  the  l i g n i t e  c o a l  are shown i n  Figure 2. 
percent  pyro lys i s  in t h e  i n e r t  n i t r o g e n  i s  s t r a i g h t f o r w a r d ,  whi le  i n  a r e a c t i n g  
environment i t  is obscured by t h e  r a p i d  chemical r e a c t i o n s  of t h e  v o l a t i l e s  and char .  
I f  t h e  break i n  the  curve is i d e n t i f i e d  by e x t r a p o l a t i n g  t h e  primary p y r o l y s i s  and 
r e a c t i o n  curve por t ions ,  r e s p e c t i v e l y  (p)  and ( r ) ,  t h i s  weight- loss  can be  c a l l e d  
t h e  apparent  pyro lys i s ;  and t h e  apparent  percent  p y r o l y s i s  determined. The va lues  
thus obtained f o r  the apparent  percent  p y r o l y s i s  as w e l l  as t h e  p y r o l y s i s  time were  
found cons is ten t  and reproducib le  under a given set  of c o n d i t i o n s ,  as confirmed by 
repeated runs.  It may b e  n o t i c e d  from Figure 2 t h a t  t h e  u l t i m a t e  p y r o l y s i s  i n  
n i t rogen  is g r e a t e r  than t h e  apparent  p y r o l y s i s  i n  t h e  r e a c t i n g  gas ,  whi le  i n  t h e  
same time period the a w u n t  pyrolyzed i s  more o r  less t h e  same i n  t h e  two cases. 

Note t h a t  t h e  de te rmina t ion  o f  

In Figure 3 a r e  presented  t h e  apparent  percent  p y r o l y s i s  of l i g n i t e  as a 
funct ion  of temperature f o r  d i f f e r e n t  gases .  
p y r o l y s i s  i n  C02 and N2-H20 is less than t h a t  i n  n i t r o g e n ,  i n  agreement w i t h  t h e  
above d iscuss ion .  

Note t h a t  t h e  apparent  percent  

There i s  a p la teau  i n  t h e  curve of percent  apparent  p y r o l y s i s  ( d e v o l a t i l i z a -  
This  type of phenomena can be t i o n )  versus  temperature i n  t h e  reg ion  1200-1400°C. 

found i n  t h e  da ta  of  Menster e t  al. (1) and Kobayashi e t  a l .  (6) .  Suuberg e t  al. 
(10) observed two s t a g e s  ( o r  p l a t e a u s )  i n  c o a l  p y r o l y s i s  up t o  a temperature  n e a r  
l l O O ° C ,  and a t h i r d  s t a g e  was envisaged above t h a t  temperature .  This t h i r d  s t a g e  
w a s  assumed t o  remove p r i m a r i l y  CO and C02. 
i n d i c a t e  percent  weight- loss  n e a r  60 percent  a t  temperatures  above 15OOOC. 
present  r e s u l t s  a r e  c o n s i s t e n t  with t h e  r e s u l t s  r e p o r t e d  by t h e s e  au thors  and con- 
f i r m  a t h i r d  p la teau  s t a g e .  

The d a t a  of  Kobayashi e t  a l .  (6) 
The 

Figure 4 presents  d e v o l a t i l i z a t i o n  r e s u l t s  a t  v a r i o u s  temperatures  f o r  pre- 

Al- 
d r i e d  coa l  and f o r  var ious  p a r t i c l e  s i z e s  i n  a CO gas .  
n i f i c a n t  e f f e c t s  of the  mois ture  conten t  i n  c o a l  and v a r i o u s  particle s i z e s .  
though these r e s u l t s  a r e  inconclus ive ,  they can b e  expla ined  by e i t h e r  an e f f e c t  of 
hea t ing  rate on p y r o l y s i s  o r  by secondary p y r o l y s i s  r e a c t i o n s  which are inf luenced  
by a v a i l a b l e  sur face  a r e a ,  mois ture  and o t h e r  gases  which could r e s u l t  i n  i n t e r n a l  
v o l a t i l e  decomposition and coke formation.  

There appear  t o  be s ig-  2 

Figure 5 presents  t h e  e f f e c t  of pressur$  on t h e  apparent  p y r o l y s i s  in a steam 
environment. A t  lower temperatures  (800-1100 C) t h e  apparent  p g r o l y s i s  i n c r e a s e s  
s l i g h t l y  with pressure ,  while  a t  h i g h e r  temperatures  (1200-1400 C) t h e r e  i s  a de- 
c rease  i n  apparent  p y r o l y s i s  wi th  pressure .  One p o s s i b l e  e x p l a i n a t i o n  is t h a t  a t  
lower temperatures the i n c r e a s e d  gas concent ra t ion  i n c r e a s e s  t h e  g a s v o l a t i l e  re- 
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a c t i o n s ,  decreas ing  t h e  secondary c h a r  formation r e a c t i o n s  ; a t  h i g h e r  temperatures 
t h e  increased  pressure prevents  some v o l a t i l e s  from escaping  t h e  s o l i d  and thus 
p a r t i c i p a t i n g  i n  secondary char-formation r e a c t i o n s .  
ported e a r l i e r  (8) i n  a hydrogen atmosphere, wherein t h e  amount of p y r o l y s i s  was 
found t o  i n c r e a s e  only beyond about  20 a t m  pressure .  
is observed a t  lower pressures .  
temperature  on t h i s  behavior .  
the  anomalous results. 

S i m i l a r  r e s u l t s  have been re- 

Notably, in steam t h i s  e f f e c t  
The p r e s e n t  s t u d i e s  a l s o  b r i n g  o u t  t h e  e f f e c t  of 

F u r t h e r  work i n  t h i s  a r e a  is necessary  t o  confirm 

Table 1 presents  results o f  subsequent  r e a c t i v i t y  of chars  formed by c o a l  
d e v o l a t i l i z a t i o n .  A comparison i s  shown of  chars  formed i n - s i t u ,  a s  i n  the present  
mentod w i t h  chars  formed s e p a r a t e l y  and then reac ted .  Note t h a t  in-situ-formed char 
is a faccor  two t o  ten  t i m e s  more r e a c t i v e  than chars  formed s e p a r a t e l y .  Thus, 
keeping t h e  char  a t  high tempera tures  f o r  l o n g e r  times b e f o r e  r e a c t i o n  apparent ly  
renders  t h e  char  less r e a c t i v e ,  and can b e  i n t e r p r e t e d  as a morphological rearrange- 
mmt. These r e s u l t s  a r e  i n  agreement wi th  previous r e s u l t s  a t  t h i s  l a b o r a t o r y  (U), 
and extend these  r e s u l t s  to h i g h e r  temperature  regimes. It is sugges ted  t h a t  the 
char  prepara t ion  method d r a m a t i c a l l y  a f f e c t s  subsequent  c h a r  r e a c t i v i t y .  
e f f e c t s  must b e  considered i n  models of  char  r e a c t i v i t y  and i n  t h e  use of  char  re- 
a c t i v i t y  d a t a  i n  coal-conversion reactor models and i n  t h e  i n t e r p r e t a t i o n  of p i l o t -  
uni t  data .  

These 

CONCLUSIONS 

D e v o l a t i l i z a t i o n  g e n e r a l l y  i n c r e a s e s  w i t h  temperature  i n  a manner cons is  t e n t  
w i t h  t h e  proposed three-s tage  mechanism f o r  t h e  e v o l u t i o n  of v o l a t i l e s .  R e s u l t s  
h e r e  show a p la teau  a t  1200-14OO0C and a maximum d e v o l a t i l i z a t i o n  above 15OO0c. 
React ive gases can i n t e r a c t  w i t h  t h e  f r e s h l y  formed v o l a t i l e s  and a f f e c t  t h e  secondary 
char-forming r e a c t i o n s  which can cause changes i n  t h e  apparent  p e r c e n t  p y r o l y s i s .  
This  was ev ident  from t h e  e f f e c t s  of  mois ture  c o n t e n t ,  p a r t i c l e  s i z e ,  p ressure  and 
gaseous environment on t h e  e x t e n t  of p y r o l y s i s .  R e a c t i v i t y  of  char  formed i n - s i t u  
and immediately reac ted  was found to  b e  h i g h e r  than r e a c t i v l t y  of  chars  formed 
s e p a r a t e l y  and then brought  i n t o  t h e  r e a c t i v e  environment. 
morphological rearrangements may b e  i m p o r t a n t  in p y r o l y s i s  and subsequent  char  re- 
a c t i o n s .  

I t  is  sugges ted  t h a t  
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FIG, 3.  h N T  OF kRoLYSlS AS A FINCTION OF TCtVmATURE FOR mC-246 LIWITE. 
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Table 1 

REACTIVITY OF CfiARS AS A FUNCTION OF PREPARATION CONDITIONS 

Reaction Temperature OC 

I n - s i t u  I n i t i a l  
R e a c t i v i t y  
mg/ng !.lin. Preformed 

Char* 

900 950 1000 1050 1200 1250 1300 

0.30 0.40 0.69 0.80 2.14 2.15 2.15 

0.26 0.32 0 . 5 7  0.62 0.88 0.89 1.02 

Reaction Temperature OC 

~ 

Initial I I n - s i t u  I 0.54 0.67 1.13 1.30 

1250 1300 1350 1400 

i t e a c t i v i t y  I I 
mg/mg Min. Preformed 1 Char* 1 0.50 0.60 0.76 0.79 

(C) Comparison of I n - s i t u  R e a c t i v i t i e s  with Other  Reported Resul t s  

:*laximum 
React ion R e a c t i v i t y  

Coal Type Method/Treatment Temp. OC Gas rng/mg !.:in. Ref. 
~ ~ 

N.D.  l i g n i t e  I n - s i t u  9 10 N2-HzO 0.48 Present 
(PSOC-246) (excess H 2 0 )  s tudy 

N.D.  l i g n i t e  Coal hea ted  i n  N 2  a t  910 N2-ti23 0.0467 12 
(PSOC- 87) lOOC/min t o  l O O O O C ,  (excess  H20) 

kept  for 2 lirs, 
cooled. Reheated i n  
N2 a t  ZOoC/nin t o  
IOOOOC, cooled t o  
91OOC, !ield for  20 
inin, reac ted .  

I n - s i t u  9 20 CO2 0.20 Present  
s t u d y  

HVC bituminous 
(PSOC- 309) a t  6000C/sec 

HVC bituminous I n - s i t u  9 20 CO2 0.088 11 
(I’SOC-309) a t  - 2o0°C/min .  

*Char prepared by pyrolyzing coa l  i n  N2 a t  l l O O ° C  f o r  2 min. 
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